Herein, we discuss recent studies that indicate that NK cells span the conventional boundaries between innate and adaptive immunity. For example, it was recently discovered that NK cells have the capacity for memory-like responses, a property that was previously thought to be limited to adaptive immunity. NK cells have also been identified in multiple tissues, and a subset of cells that specialize in the production of the T H 17 cytokine IL-22, NK-22s, was recently described in mucosal-associated lymphoid tissue. Finally, we review work that shows that NK cells develop at sites that were traditionally thought to be occupied only by adaptive immune cells, including the thymus and lymph nodes.
Introduction
The immune response is mediated by two broad systems which provide innate and adaptive immunity and work together to efficiently combat the wide range of pathogens that challenge vertebrates (Janeway & Medzhitov, 2002) . While adaptive T and B lymphocytes provide long-lasting specific immunity, the first line of defence against pathogens is the innate immune system. This is best demonstrated in patients with defects in innate immunity, who suffer from uncontrolled, fatal infections (Biron et al, 1989; Bustamante et al, 2008) . The innate immune system precedes adaptive immunity from a phylogenetic standpoint and is present in both plants and animals (Janeway & Medzhitov, 2002) . Although at first glance innate immunity might appear primitive, innate immune cells can orchestrate discrete immune responses to different infections through the recognition of diverse pathogens by germline-encoded pattern recognition receptors (Kumar et al, 2009 ). In addition, several studies have revealed specific memory-like responses elicited by the innate immune system of invertebrates (Kurtz & Franz, 2003) . Therefore, the innate immune system and its cellular components have recently been recognized to be more intricate and sophisticated than previously thought.
Since the first characterization of natural killer (NK) cells was made more than 30 years ago, these innate immune lymphocytes have been found to serve as a first line of defence against a variety of infections (Biron & Brossay, 2001; Lodoen & Lanier, 2006) . NK cells mediate their effects through the recognition and killing of target cells and the production of immunoregulatory cytokines, particularly IFN-γ, which enhance the innate immune response and help to shape the sub sequent adaptive immune response (Strowig et al, 2008b; Yokoyama, 2008) . Unlike adaptive T and B lymphocytes, NK cells do not rearrange their receptor genes somatically, but rather rely on a fixed number of inhibitory and activating NK cell receptors (NKRs) that are capable of recognizing MHC class I and class I-like molecules, as well as other ligands (Bryceson & Long, 2008) . The tolerance of NK cells to self is achieved through mechanisms that require the engagement of inhibitory NKRs with self-MHC before attaining functional competence, a process termed 'licensing' (Kim et al, 2005; Raulet & Vance, 2006; Jonsson & Yokoyama, 2009) . NK cell effector functions can be triggered by the engagement of activating NKRs with cell-surface ligands-which can be encoded by the host or by pathogens-some of which are upregulated in infected cells or tumours (Arase et al, 2002; Smith et al, 2002; Guerra et al, 2008) . NK cells also respond to other signals, especially cytokines derived from antigenpresenting cells, which allow them to mediate early host responses against pathogens (Andrews et al, 2003; Moretta et al, 2006) .
Recent studies have shed new light on the role of NK cells in the immune response and suggest that these innate lymphocytes have characteristics of both innate and adaptive immunity. Here, we highlight some of the latest advances in NK cell biology: a newly recognized capacity for immunological memory, a subset of NK cells that specializes in producing the T H 17 cytokine IL-22, and differentiation of NK cell subsets in the thymus and lymph nodes, traditionally thought of as home to adaptive immune cells. receptor genes, adaptive immune T and B cells can express an almost unlimited number of antigen receptors that will recognize nearly any foreign antigen. After antigen stimulation and clonal expansion of specific T and B cells, a population of experienced memory lymphocytes persists to help protect the host from subsequent encounters with that same antigen . By contrast, cellular components of the innate immune system-such as macrophages, dendritic cells and NK cells-have a limited repertoire of germline-encoded pathogen-recognition receptors and are thought to react in a similar manner after repeated stimulation, therefore lacking immunological memory. However, several recent studies have suggested that NK cells can have memory-like properties (O' Leary et al, 2006; Cooper et al, 2009; Raulet, 2009; Sun et al, 2009) . NK cells participate in contact hypersensitivity (CHS) reactions in a murine model of hapten-induced dermatitis (O'Leary et al, 2006; Yokoyama, 2006) . Conventionally thought to be a T-cell-dependent phenomenon, CHS responses were nevertheless found in SCID and Rag2-deficient mice, which lack T cells. However, there were no CHS responses in T-cell-deficient mice that also lacked NK cells. In addition, the adoptive transfer of NK cells from hapten-sensitized mice into naive mice resulted in a delayed-type hypersensitivity reaction when recipients were challenged with the original hapten, but not with different haptens (O'Leary et al, 2006) , which is consistent with a memory-like property of NK cells. Interestingly, the CHS phenotype was specifically seen after the transfer of the Ly49C/I + NK cell subset but not the Ly49C/I -subset. This latter result suggested a potential role for MHC-dependent NK cell licensing in the development of NK cells with memory-like functions.
Licensing is a process whereby interactions between self-MHC class I (H2K b in this case) and its cognate receptor on an NK cell (Ly49C) render the NK cell functionally competent (Kim et al, 2005; Jonsson & Yokoyama, 2009) . The basis for the specificity of the memory-like property of licensed NK cells in CHS is uncertain, as no NKRs are known to recognize haptenated cells. Hapten-induced inflammatory effects-rather than direct NK cell recognition-could influence NK cell function. Alternatively, the haptenation of MHC might alter inhibitory NKR interactions with self-MHC on haptenated cells, thereby removing inhibitory signals and allowing activating signals to prevail.
More recently, NK cells that had been activated exclusively by cytokines were shown to have an NK-intrinsic, enhanced capacity to produce IFN-γ on re-stimulation, which is also consistent with a memory-like phenotype (Cooper et al, 2009) . As the overall NKR repertoire is limited to germline-encoded receptors, NK cells often rely on cytokine signalling for their activation during an immune response, rather than on antigen-specific receptors. Indeed, NK cells respond to a variety of inflammatory cytokines that are produced by antigen-presenting cells, such as IL-1, IL-12, IL-15 and IL-18, which provide a common mechanism to elicit efficient NK responses to a wide range of infectious stimuli (Cooper et al, 2001) .
To determine whether NK cells have properties of immunological memory, an in vivo adoptive transfer system was used (Cooper et al, 2009 ). NK cells that had been activated to produce IFN-γ with IL-12 and IL-18 returned to a resting state after adoptive transfer but-contrary to control cells-were intrinsically able to respond more robustly to re-stimulation with cytokines ex vivo or through the engagement of activating NKRs (Fig 1; Cooper et al, 2009) . These findings suggest that, based on a prior experience, NK cells fundamentally change how they respond to subsequent activation. This NK-intrinsic memory-like effect persisted for at least three weeks (Cooper et al, 2009 ), a relatively long time considering that the half-life of an NK cell has been estimated to be between one week and 17 days (Koka et al, 2003; Jamieson et al, 2004) . Whether memory-like NK cells have a survival advantage is unknown. Cytokine-activated NK cells proliferated in vivo after adoptive transfer and, interestingly, daughter cells also had a similar memory-like phenotype, despite never having been activated (Fig 1; Cooper et al, 2009 ). Thus, memory-like differentiation in NK cells is both stable and heritable, suggesting that a single activation event might result in a population of experienced NK cells with enhanced activity, independent of continued stimulation or even-in the case of daughter cells-a history of prior stimulation. Memory is therefore different from priming, which would be expected to affect only the stimulated cell and not its progeny. Consequently, innate immune responses that are mounted on a regular basis to protect hosts from pathogens could induce the differentiation and continuous renewal of a pool of memory-like NK cells that have enhanced activity when called to duty (Fig 2) .
In addition to cytokine stimulation, NK cells can be activated through the engagement of a limited number of activating receptors. Some of these receptors recognize pathogen-specific antigens, most notably the murine Ly49H receptor, which is responsible for the genetic resistance of certain mouse strains to infection with MCMV (Brown et al, 2001; Daniels et al, 2001; Lee et al, 2001) . Ly49H recognizes an MCMV-encoded antigen, m157 (Arase et al, 2002; Smith et al, 2002) . Interestingly, Ly49H
+ NK cells specifically expand after MCMV infection, similarly to how antigen-specific T cells proliferate after antigen stimulation .
Using an adoptive transfer model, Sun and colleagues recently found that Ly49H + NK cells can persist at least two months after MCMV infection (Sun et al, 2009 ). The previously activated Ly49H + NK cells were more responsive to activation in vitro 70 days after the initial MCMV infection, a longer time period than had been evaluated for cytokine-induced NK cell memory-like functions. These Ly49H
+ NK cells expressed a more 'mature' phenotype, T helper TRAIL tumour necrosis factor-related apoptosis-inducing ligand including low levels of CD27 and higher levels of Ly6C, KLRG1, and CD43 (Sun et al, 2009) . However, as with cytokine-induced memory-like NK cells, no definitive phenotypic markers of NK cell memory were found. Ly49H + memory-like NK cells also provided better protection than naïve NK cells against MCMV when transferred into newborn mice (Sun et al, 2009 ). The specificity of Ly49H + NK cell memory in protecting against MCMV compared with other pathogens was not assessed in this study, and it will be interesting to know if the same NK cell populations can confer resistance to other infections.
Collectively, these studies provide new evidence that NK cells can have memory, an attribute once thought to be limited to adaptive immune lymphocytes. Memory-like NK cells can be generated through activation with cytokines or the engagement of activating receptors. Although the relationship between these two modes of activation in the establishment of memory needs to be clarified, it is conceivable that NK cell memory could be boosted (Sidebar A). These findings could lead to new strategies to enable us to control and manipulate innate immune memory, which would be particularly beneficial for people with impaired adaptive immune memory, such as newborns and immunodeficient patients. In addition, it is worth reflecting on the possibility that other innate immune cells have a form of memory.
An innate immune source of IL-22: NK-22 cells
A subset of NK cells that are programmed to secrete IL-22 was recently discovered in the mucosa-associated lymphoid tissue (MALT) of mice and humans (Satoh-Takayama et al, 2008; Cella et al, 2009; Cupedo et al, 2009; Luci et al, 2009; Sanos et al, 2009 ). These NK cells, known as NK-22s, are specifically activated by IL-23 to secrete IL-22, which belongs to the family of IL-10-related cytokines and has been proposed to have diverse roles in host defence and disease pathogenesis, and has both pro-inflammatory and antiinflammatory effects . Importantly, IL-22 in the gut and other mucosal surfaces seems to protect the epithelial cell barrier between host and pathogen (Ouyang et al, 2008) .
In humans, NK-22s were identified in an NKp44 + subset of CD56 + CD3 -NK cells found predominantly in the mucosal areas of the tonsil and the ileal Peyer's patches (Cella et al, 2009) . Intriguingly, NKp44 + NK cells were not proficient at prototypic NK cell functions, including cytotoxicity and IFN-γ production Cella et al, 2009 Cella et al, 2009; Sanos et al, 2009) , suggesting the conservation of this unique NK cell subset from mice to humans. NK-22 cells express several T H 17 transcription factors, including RORγ, aryl hydrocarbon receptor, RORα and IRF4 (Satoh-Takayama et al, 2008; Cella et al, 2009; Cupedo et al, 2009; Luci et al, 2009; Sanos et al, 2009 ). However, peripheral NK cells cannot differentiate into NK-22s under T H 17 polarizing conditions in vitro, which suggests that the gut and mucosal microenvironment are important for differentiation of NK-22s from local progenitors (Cella et al, 2009) . Studies of intestinal NK cells in germ-free mice also show that commensal bacteria are important for the differentiation and function of NK-22s (Satoh-Takayama et al, 2008; Sanos et al, 2009) . The transcription factor RORγ also seems to be important for the differentiation of NK-22s, as mice lacking RORγ show significant decreases in NK-22 cell numbers and an absence of the IL-22 transcript in gut NK cells (Satoh-Takayama et al, 2008; Luci et al, 2009) . In humans, a subset of immature NK cell precursors in the tonsil was found to express high levels of constitutive IL-22 but not of IL-17 (Hughes et al, 2009 ). Together, these findings suggest that NK-22 precursors could reside in secondary lymphoid tissues, where they would differentiate in response to microbial-driven inflammation.
An important question is whether NK-22 cells are generated during conventional NK cell development (Sidebar A). Human lymph node NK cells develop through four distinct stages (described in greater detail below; , and precursors that express IL-22 and IL-26 were found in stage 3 cells, which are defined as CD56 -CD34 -cKit + CD94 - (Hughes et al, 2009 ). Thus, it is possible that some of these NK precursors continue to produce IL-22 indefinitely, whereas others go on to stage 4, thereby becoming classical CD56 + NK cells that produce IFN-γ. In mice, IL-22-producing NK cells include a major subset of NK1.1 -cells, which-in contrast to conventional NK cells-do not require IL-15 for differentiation, suggesting that they develop through an alternative pathway. However, a minor subset of (Cupedo et al, 2009; Takatori et al, 2009 ). LTi are rare cells that are involved in the formation of secondary lymphoid organs, including gut-associated Peyer's patches. These findings have instigated an as yet unresolved debate as to the true origin of these cells: LTi-like and NK-22 cells could be two sequential developmental stages of the same cell type or, alternatively, could originate from the same precursor cell through divergent pathways.
NK-22 cells and mucosal immunity
NK-22 cells rapidly produce IL-22 after being activated by IL-23 and are probably important for mucosal homeostasis and the protection of mucosal sites during infection and inflammation. The IL-22 receptor is expressed on several types of epithelial tissue-particularly that of the skin and gastrointestinal tract (Wolk et al, 2004 )-rather than on immune cells. IL-22 is thought to protect and maintain epithelial barriers through the upregulation of anti-apoptotic molecules and bactericidal proteins Aujla & Kolls, 2009 ). Indeed, NK-22 cell-conditioned media induces colon epithelial cell proliferation, the activation of anti-apoptotic pathways and the secretion of IL-10, which is an anti-inflammatory cytokine that is important for the protection of mucosal cells (Cella et al, 2009) .
Early host defence against infection of the gastrointestinal tract by Citrobacter (C.) rodentium has been shown to depend on IL-22 and NK-22 cells appear in the small intestine lamina propria after mice are infected with C. rodentium (Cella et al, 2009) . Furthermore, the depletion of NK cells from C. rodentiuminfected Rag2 -/-mice-which lack T-cell-produced IL-22-resulted in accelerated mortality, suggesting a protective role for NK-22s in this IL-22-dependent infection (Satoh-Takayama et al, 2008; Cella et al, 2009) . IL-22 has also been shown to be protective against inflammatory diseases, including hepatitis, autoimmune myocarditis and inflammatory bowel disease (Radaeva et al, 2004; Chang et al, 2006; Zenewicz et al, 2007; . A recent study in Rag1 -/-mice demonstrated that NK cells can serve as a source of protective IL-22 in two murine models of inflammatory bowel disease . Collectively, these studies suggest that after an inflammatory response is elicited at mucosal barriers and IL-23 is produced by resident antigen-presenting cells, NK-22s might provide an innate immune source of IL-22 that can help to protect the host mucosa and control inflammation (Fig 3) .
IL-22 promotes host defences in many cases, but it is also thought to be involved in the pathogenesis of some diseases including psoriasis and multiple sclerosis . The primary adaptive immune source of IL-22 is T H 17 CD4 + T cells, which also produce IL-17-a cytokine associated with autoimmune disease pathogenesis-and are thought to have a pathogenic role in the same diseases (Iwakura et al, 2008 ). In contrast to T H 17 cells, MALT-associated NK-22 cells specialize in IL-22 production and do not produce IL-17 (Cella et al, 2009) . Whether NK-22s mediate inflammatory diseases is not yet known, although their lack of IL-17 suggests that this NK cell subset has the potential to exert protective IL-22-mediated effects at mucosal sites without eliciting T H 17-associated pathology. If this is the case, the dual role of IL-22 as being both protective and detrimental to the host would be explained by the cellular source of IL-22 and the local cytokine milieu (Sidebar A).
Non-classical sites of NK cell differentiation
NK cells were once thought to arise only from the bone marrow, but it is now clear that NK cells with specific functions and surface markers are present in a variety of other organs, including the liver, thymus, lymph nodes, uterus and MALT Huntington et al, 2007; Riley & Yokoyama, 2008) . For example, immature murine NK cells present in the liver express the tumour necrosis factor family ligand, TRAIL, and can suppress the metastasis of TRAIL-sensitive tumours in vivo (Takeda et al, 2001 ). Uterine NK cells-which are the most prevalent decidual immune cells during early pregnancy-accumulate at the site of embryo implantation and produce IFN-γ, which is important for appropriate vascular remodelling and endometrial decidualization (Riley & Yokoyama, 2008; Murphy et al, 2009 ). As we have developed a better understanding of the distribution and range of functions of NK cells, questions have arisen as to the developmental origins of tissue-specific NK cell subsets. Do these cells arise in the bone marrow and circulate to different sites, or does the local microenvironment dictate the differentiation of NK cell subsets? Here, we focus on the thymus and lymph nodes, both of which support the differentiation of adaptive immune cells and NK cell subsets Di Santo, 2008) .
Bipotent progenitors that are able to differentiate into T cells or NK cells are present in the murine and human thymus (Sanchez et al, 1994; Spits et al, 1995; Carlyle et al, 1997) , and recent studies in mice by the Di Santo laboratory have characterized a thymic pathway of NK cell development (Vosshenrich et al, 2006) . Thymic NK cells express high levels of the IL-7 receptor α-chain, CD127, and are dependent on IL-7, IL-15 and the common cytokine receptor γ-chain-shared by the IL-2, -4, -7, -9, -15 and -21 receptors-for development (Vosshenrich et al, 2006; Cheng et al, 2009 ). By contrast, CD127
-NK cells derived from the bone marrow do not require IL-7 for differentiation or survival. The transcription factor GATA 3 is also essential for the differentiation of thymic NK cells; it is expressed at high levels in thymic NK cells, but not expressed in splenic NK cells (Vosshenrich et al, 2006 (Vosshenrich et al, 2006) . Interestingly, NK cells that also express CD127 and are phenotypically similar to thymic NK cells comprise 15-30% of the lymph node NK compartment, but a very low percentage of the splenic or liver NK compartment. A thymic transplant model showed that this CD127 + lymph node NK cell subset is probably thymic-derived (Vosshenrich et al, 2006) , suggesting that NK cells from the thymus preferentially circulate to and/or are retained in the lymph nodes. However, CD127 + NK cells might not have a strict thymic requirement, as it was subsequently shown that these NK cells are present in athymic mice (Stewart et al, 2007) . The characterization of additional markers is clearly needed to identify thymic-derived NK cells, as a minor population of CD127 + NK1.1 + cells which is negative for cell-surface CD3 might actually be T cells (Stewart et al, 2007) . Whether the CD127 + thymic NK precursor differentiates in the thymus or bone marrow, and the developmental stages of this cytokine-producing NK cell subset, are unknown.
Peripheral blood human NK cells can be divided into functional subsets on the basis of the cell-surface density of CD56; CD56 bright NK cells have an enhanced capacity for cytokine production and CD56 dim NK cells are characterized by a higher cytotoxic potential (Cooper et al, 2001) . A minority (5-15%) of peripheral blood and splenic NK cells are CD56 bright , whereas most NK cells in the lymph nodes are CD56 bright (Fehniger et al, 2003; . Four discrete stages have been identified during the development of human lymph node NK cells from CD34 + precursors , providing direct evidence for NK cell differentiation in the lymph node. Human lymph nodes contain an enriched CD34 + CD45RA + haematopoietic precursor population in the parafollicular region, which is adjacent to areas of T cells and CD56 bright NK cells (Freud et al, 2005 (Chan et al, 2007) or under other conditions (Romagnani et al, 2007) . In mice, CD56 is not a useful marker of NK cells, which makes it difficult to relate human NK cell subsets to mouse subsets on the basis of CD56 expression. By contrast, recent evidence suggests that murine CD127 + thymic NK cells are similar to human CD56 bright NK cells (Vosshenrich et al, 2006) . In addition, another subset of CD27 high
CD11b
high murine NK cells are also enriched in lymph nodes and have enhanced cytokine production, therefore constituting another potential counterpart to human CD56 bright NK cells (Hayakawa & Smyth, 2006) . These findings could help to characterize the developmental relationship of these NK cell subsets to conventional NK cells, as well as their clinical relevance, in more detail.
Role of NK cells in the thymus and lymph node
The role of thymic and lymph node NK cells during an immune response remains unclear. Both NK cell subsets readily produce cytokines and have lower cytotoxic capacity than conventional NK cells, which suggests that they might serve an important immunoregulatory function at these sites. In vivo evidence for this is lacking, although tonsilar NK cells cultured with activated dendritic cells are able to inhibit EBV-induced B cell transformation in an IFN-γ-dependent manner (Strowig et al, 2008a) , suggesting that NK cells might limit local infections before the activation of antigenspecific T cells. A complementary hypothesis is that NK cells might help to prime the adaptive immune response, which is supported by several studies suggesting that the production of IFN-γ by NK cells and their interactions with dendritic cells can prime the polarization of T H 1 adaptive immune responses (Martin-Fontecha et al, 2004; Mailliard et al, 2005; Morandi et al, 2006; Agaugue et al, 2008) . NK cells probably also continue to interact with activated T H 1 T cells in the lymph node, as CD56 bright cells constitutively express the highaffinity heterotrimeric IL-2 receptor (IL-2Rαβγ), and IL-2 derived from activated T cells can co-stimulate CD56 bright NK cell IFN-γ production (Fehniger et al, 2003) . Overall, the role of NK cells in the thymus and lymph node seems to be complex, although further studies of the developmental pathways and functional capacities of these NK cell subsets will provide additional insight into their roles during the immune response (Sidebar A). 
